ABSTRACT
The action spectrum of phytoplankton represents the photosynthetic rate per unit of incident irradiance as a function of the wavelength, when the photosynthetic rate is measured within the range of linear response of photosynthesis to available irradiance. It can be estimated by incubating the cells under monochromatic light (at low intensity), monitoring a photoinduced reaction and noting the change in the reaction rate with the wavelength of light. The most commonly monitored reactions are oxygen evolution (Engelmann 1883 , Fork 1963 ), 14 C-labeled CO 2 uptake (Iverson and Curl 1973 , Lewis et al. 1985 , Schofield et al. 1990 , Kyewalyanga et al. 1997 , and emission of fluorescence (Neori et al. 1984 , Culver et al. 1994 ).
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The first two of these techniques have been used mainly in laboratory experiments because they are too cumbersome and time consuming to be performed routinely during field work (Lewis et al. 1985 , Schofield et al. 1990 , 1991 , Kyewalyanga et al. 1997 . On the other hand, determination of the fluorescence excitation spectrum gives a relatively simple and economical way of estimating the action spectrum of photosynthesis.
The shape of the action spectrum of photosynthesis generally resembles the corresponding absorption spectrum of the algae. Therefore, the absorption spectrum of phytoplankton, which is also easy to measure at sea, has been used as a proxy for the shape of the action spectrum (Morel 1978 , 1991 , Kyewalyanga et al. 1997 . However, some differences may occur between them, depending on the arrangement of the photosynthetic apparatus in different taxonomic groups and on the physiologic state of the cells. One source of these differences is that the absorption spectrum is influenced by all the pigments, including photoprotective pigments, which do not contribute to photosynthesis. Fluorescence, on the other hand, represents only the energy effectively transferred to the pigment chlorophyll a (chl a) of photosystem II (PSII), which is potentially usable in photosynthesis (Culver et al. 1994 , Babin et al. 1995 , 1996 , Sosik and Mitchell 1995 , Lazzara et al. 1996 .
Fluorescence excitation, because of the aforementioned advantages (unaffected by photoprotective pigments and simplicity of measurement) is becoming the method of preference for the estimation of the action spectrum in computations of primary production in the ocean (Sakshaug et al. 1991 , Babin et al. 1995 , Sosik and Mitchell 1995 . This method, however, is based on the assumption that all the differences between absorption and fluorescence spectra can be ascribed entirely to the presence of photoprotective pigments in natural populations of phytoplankton. This assumption is based more on circumstantial than concrete evidence.
In this study we compared in vivo absorption and fluorescence excitation spectra of natural samples of phytoplankton from a wide range of ecologic regimes in the North Atlantic to investigate the variability in the differences between the two types of spectra. We examined the relationship between these differences and the pigment composition of the samples and between them and several environmental variables. In general, our results show that the differences between absorption and fluorescence in diverse oceanographic regimes is variable and that this variability cannot be entirely explained by the presence of photoprotective pigments. Other possible factors influencing the fluorescence excitation spectrum are discussed. We begin by examining the major factors that could potentially contribute to variations in fluorescence spectra.
BACKGROUND
The fluorescence excitation spectrum of phytoplankton represents the reemission of light (at a fixed wavelength) with variable intensity according to the wavelength of light to which the cell is exposed. The emission of fluorescence is one of the ways in which the cell releases absorbed excess energy: approximately 18% of the absorbed light is used in photochemical reactions, about 1%-3% is reemitted as fluorescence, and the rest is dissipated as heat (Kirk 1994 ). An inverse relationship can be expected between the emission of fluorescence and photosynthesis (Kautsky and Hirsch 1931 , but see Govindjee 1995) . Nevertheless, the quantitative parameterization of primary production rates from fluorescence measurements (e.g. pump-and-probe fluorometry, Kolber and Falkowski 1993) is not trivial because of the complicated pathways of energy flow within the photosynthetic unit (PSU, reviewed in Butler 1978 , Larkum and Barret 1983 , Falkowski 1992 , Kiefer and Reynolds 1992 , Govindjee 1995 . The PSU encompasses the various components of the photosynthetic apparatus. In plants and algae it comprises the two photosystems (PSI and PSII), each of which is composed of a reaction center and a surrounding antenna of accessory pigments, and the light-harvesting complexes (LHCs), where most of the accessory pigments are located.
All methods of estimating the action spectrum of phytoplankton have the pitfall of being biased towards the action of PSII, instead of the composite action of both photosystems. In the case of fluorescence, this bias arises from the fact that at ambient temperature more than 95% of the fluorescence is emitted by PSII, whereas PSI dissipates most of its excess energy as heat (Goedheer 1969, Kiefer and Reynolds 1992) . If both photosystems work in series during photosynthesis (according to the classic Zscheme), the process taking place in PSII should be proportional to the total photosynthetic capacity of the cell. However, certain characteristics of the structure and energy distribution inside the PSU can produce significant deviations between the ''total'' action spectrum and that of PSII alone.
Most of the LHCs transfer the absorbed energy to PSII, while PSI receives energy from its core antenna, composed mainly of chl a molecules and usually a few carotenoids (reviewed in Larkum and Barret 1983) . In addition, PSII is able to transfer its excess energy to PSI by a process known as spillover, but the opposite (i.e. transfer of energy from PSI to PSII) does not occur because of differences in energy levels (Butler 1978 , reviewed in Larkum and Barret 1983 , Govindjee 1995 . As a result, when a cell receives light of a wavelength absorbed by PSII, this energy can be ''shared,'' promoting the function of both photosystems in series, but when the cell is irradiated with light of a wavelength that can be absorbed mainly by PSI, this energy cannot be shared. This imbalance in the functioning of the two photosystems becomes important when most of the chl a of the cell is associated with PSI.
Extreme examples of this type of imbalance can be found in rhodophytes, cryptophytes and cyanophytes, in which more than 70% of the total chl a can be associated with PSI (Ley and Butler 1980, Myers et al. 1980) . Emerson (1958) , working with Chlorella cells, noticed a drop in the far-red part of the action spectrum where only chl a from PSI absorbs light. Emerson also noted that, when the farred light was supplemented with light of a wavelength absorbed by PSII, there was an enhancement in the photosynthetic rate at the red end of the spectrum due to the synergistic functioning of both photosystems. This effect is usually referred to as the Emerson enhancement effect. Departures of the fluorescence excitation spectrum from the total action spectrum have been noticed in studies with cultures of different species of algae (Neori et al. 1986 (Neori et al. , 1988 . These laboratory experiments showed that, for the species studied at least, most of the light harvested is apparently directed to chl a of PSII in diatoms and dinoflagellates as opposed to rhodophytes, cryptophytes, and cyanophytes. On the other hand, however, Schofield et al. (1990 Schofield et al. ( , 1996 , through studies of action spectrum by 14 C incorporation, have reported that the Emerson enhancement effect can be significant, especially in the blue region of the spectrum, in some species of diatoms, prymnesiophytes, and dinoflagellates.
Other differences between the action spectrum and the absorption spectrum of an alga can be caused by diverting energy away from the RCs. This is a mechanism for protecting the photosystem against photodamage at high light intensities. Several strategies to adjust the photosynthetic apparatus to fluctuating light conditions have been studied in phytoplankton (reviewed in Larkum and Barret 1983 , Richardson et al. 1983 , Falkowski and La Roche 1991 . In the case of photoacclimation to low light intensities, the tendency is to increase harvesting of light and its transfer to the RCs; therefore, this type of rearrangement of the photosynthetic apparatus, in principle, should not affect the match between the action and the absorption spectra of algae. It has also been noticed that changes in light quality can produce state transitions, that is modify the proportion of energy directed towards PSI and PSII. State-1 transition is caused by exposure to light predominantly absorbed by PSI and state-2 transition by exposure to light predominantly absorbed by PSII (Bonaventura and Myers 1969) . Under these state transitions the cell tries to maintain the balance in the operation of the two photosystems by redirecting the flow of energy. Uncoupling of LHCs from PSII, increase in spillover from PSII to PSI, and increase in cyclic electron flow around PSI have all been observed under state-2 transition in green algae and dinoflagellates (Kroon et al. 1993 , Kroon 1994 and in cyanophytes (Mullineaux and Allen 1988 ). An increase in cyclic electron flow around PSI has also been observed under exposure to high light in experiments with prymnesiophytes, green algae, and cyanophytes (Herzig and Dubinsky 1993) . These processes will decrease the amount of light reemitted as fluorescence. The effects of state transitions on fluorescence (Shubert et al. 1995) and on the quantum yield of photosynthesis (Schofield et al. 1996) have been reported in the literature.
There is also a group of specialized carotenoids which undergoes a fast de-epoxidation when exposed to high light, which also impedes the transfer of energy to the RCs. This process, known as the xanthophyll cycle, first described in green plants (Hager 1975; Demmig-Adams 1990) , is also present in chromophyte algae. For chromophytes, it involves the conversion of diadinoxanthin into diatoxanthin (Demers et al. 1991, Olaizola and Yamamoto 1994) . Other carotenoids (e.g. ␤-carotene, zeaxanthin, astaxanthin) have also been reported to have photoprotective functions and therefore to increase in concentration at high light intensities (Prézelin 1981 , Dubinsky et al. 1986 , Kana et al. 1988 , Bidigare et al. 1993 , Partensky et al. 1993 , Moore et al. 1995 .
If photosynthesis is to be estimated by an indirect method, for example emission of fluorescence, it is essential to know the distribution of energy among all the competing pathways (photochemical and nonphotochemical) inside the PSU (Kiefer and Reynolds 1992) . Different models have been proposed to explain the distribution of energy inside the photosynthetic apparatus (e.g. Boardman et al. 1978 , Butler 1978 , Schatz et al. 1988 , and experiments have been made to investigate the function of different pigments and LHCs (e.g. Prézelin and Sweeney 1978 , Anderson et al. 1981 , Johnsen et al. 1994 . Furthermore, recent advances in the knowledge on the fine structure and function of different components of the PSU (e.g. Deisenhofer and Michel 1989 , Krauss et al. 1993 , Kühlbrandt et al. 1994 , McDermott et al. 1995 , Hoffmann et al. 1996 and on genetic regulation of the components of the PSU (e.g. Passaquet and Lichtlé 1995 , Bauer and Bird 1996 , Lichtlé et al. 1996 are certain to contribute toward improving our insight on the fate of the excitation energy reaching the photosynthetic membranes.
The foregoing summary indicates that the differences between fluorescence and absorption spectra need not be all due to the presence of photoprotective pigments. In this paper, we present data from the North Atlantic on variations in absorption and fluorescence spectra and examine the factors that contribute to the differences between them. To quantify these differences, we used the ratio S(439), defined as the ratio of absorption to fluorescence at 439 nm, computed after normalizing both of the spectra to 1 at 545 nm. We then studied the relationship between the ratio S(439) and the proportion of photoprotective pigments. We also examined the relationship between S(439) and the proportions of different pigments to see if changes in specific pigments, representing photoacclimation or changes in species composition, are related to variations in S(439) in natural populations of phytoplankton. Finally, we investigated the relationship between S(439) and relevant environmental variables (e.g. nitrate concentrations and irradiance) to see if the influence of these factors on the physiology of phytoplankton are reflected in changes in the fluorescence emission.
MATERIALS AND METHODS
Sampling. Samples were collected during two cruises: the first during spring of 1993 occupied stations near the coast of Morocco and along a transect from the Islas Canarias to Nova Scotia; the second during the spring of 1994 occupied stations on the Newfoundland Shelf and along a transect from Greenland to southern Labrador (Fig. 1) . During these cruises, samples for the determination of nutrient and pigment concentrations, in vivo absorption, and in vivo fluorescence spectra were taken at seven depths from 8-L Niskin bottles attached to a rosette sampler, except for some of the stations of the Canarias cruise, where the samples were taken using a submersible pumping system. The sampling depths were selected based on the fluorescence profile provided by the in situ fluorometer. Temperature and salinity profiles were obtained from a Guildline CTD (Model 8705). Seawater (0.25-1.5 L) was filtered at a pressure Ͻ35 kPa through GF/F filters, which were stored in liquid N 2 for later analysis of pigment content. Another set of duplicate samples (0.25-1.5 L) was filtered at a pressure Ͻ35 kPa through GF/F filters and read immediately, first with the spectrofluorometer and then with the spectrophotometer. All the procedures, including filtration and handling of samples during measurements, were carried out un-
Comparison of the absorption and fluorescence excitation spectra of chl a in 90% acetone. The two spectra are normalized to 1 at 664 nm.
der dim light to avoid photodegradation of the pigments. Seventeen stations were sampled in the Canarias cruise and 13 in the Labrador cruise. Some of the samples (sometimes corresponding to a whole station and others to some of the depths) had to be discarded because of the extremely low phytoplankton content, which resulted in very noisy absorption and fluorescence spectra. Finally, a total of 131 samples were available for this study.
Pigment determination. Pigments were analyzed in the laboratory following the method described by Head and Horne (1993) . Pigments identified and quantified by this method are the tetrapyrroles: chl a, chl b, chl c 1 ϩ c 2 , chl c 3 , chlorophyllide a, several types of phaeophorbide-a-like pigments, phaeophytin a, divinylphaeophytin a, phaeophytin b, and divinyl-phaeophytin b and the carotenoids: peridinin, 19-butanoyloxyfucoxanthin, fucoxanthin, 19-hexanoyloxyfucoxanthin, alloxanthin, diadinoxanthin, diatoxanthin, zeaxanthin, prasinoxanthin, ␣-carotene, and ␤-carotene. This method is not able to separate zeaxanthin from lutein; that is they have the same retention time. Although there is evidence suggesting that zeaxanthin dominates over lutein in the ocean (Everitt et al. 1990) , the presence of zeaxanthin, when not supported by data on species composition, should be interpreted with caution. Divinyl-chl a and divinyl-chl b were identified by the presence of the corresponding divinyl-phaeophytins after acidifying and running the samples a second time.
Of the main carotenoids found in our samples, 19-butanoyloxyfucoxanthin, fucoxanthin, 19-hexanoyloxyfucoxanthin, and peridinin are treated in this paper as photosynthetic pigments (PS), and zeaxanthin, ␣-ϩ ␤-carotene, and diadinoxanthin ϩ diatoxanthin are treated as photoprotective pigments (PP). Because sample collection and processing time was longer than the period of the xanthophyll cycle, we treated diadinoxanthin and diatoxanthin together. Similarly, both ␣-carotene and ␤-carotene were found only in minor concentrations and were treated together in this study.
In vivo fluorescence excitation. The in vivo fluorescence excitation measurements were made on-board using a SPEX-Fluorolog F111A spectrofluorometer. This instrument was equipped with a red-sensitive photomultiplier Hamamatsu R-928. The blank consisted of a clean GF/F filter, through which a volume of prefiltered seawater comparable to that of the samples had been filtered; for some oligotrophic stations distilled water was used for the blank filter. Filters were wetted with filtered seawater before reading. The emission monochromator was set at 730 nm (Neori et al. 1988 , Hofstraat et al. 1992 , and the excitation spectra were recorded between 380 and 700 nm. The excitation and emission slits were set at either 2 or 5 nm bandpass, according to the intensity of the signal. The data were recorded in a computer connected to the spectrofluorometer. A technical problem, probably related to the highly scattering properties of the filters (GF/F), allowed stray light to enter the emission detector and distorted the signal in the red part of the spectrum. Therefore, only the blue-green part of the spectra from 400 to 600 nm was considered for the analysis.
The fluorescence excitation spectra (f()) were later corrected for distortions produced by the spectrum of the source (xenon) lamp and the geometrical configuration of the instrument, according to the method of Culver et al. (1994) : the excitation light incident at the sample position was measured with a radiometer (Biospherical Instruments QSL-100 4 collector) every 2 nm, and this spectrum was in turn corrected for spectral variations in the efficiency of the radiometer (information provided in the specifications of the radiometer). The average of three such spectra, normalized to 1 at 468 nm (maximum emission of the xenon lamp), was then interpolated every 1 nm and used as the excitation correction spectrum (C x ()) for the measurements. The accuracy of this correction procedure was tested by comparing the fluorescence excitation spectrum of pure chl a in 90% acetone divided by C x (), with its corresponding absorption spectrum, after normalizing both spectra to 1 at 664 nm. The two spectra agree (Fig. 2) . Further testing using a culture of Thalassiosira sp. (isolated from a seawater sample from the Labrador Sea) showed slight but consistent differences in the shape between normalized spectra obtained in suspension and on the filter (results not shown). Therefore, the ratio of the spectra on the filter to that in suspension was used as a shape-correction factor (C s ()) to correct the spectra of the samples. Thus, the corrected fluorescence excitation spectra (f c ()) were obtained as:
. No corrections were made for reabsorption of fluorescence (Mitchell and Kiefer 1988a ) since volumes of filtered water were adjusted according to the concentration of phytoplankton in the sample to avoid high absorbances. Furthermore, we measured fluorescence emission at 730 nm, which minimizes the problem of reabsorption of fluorescence (Hofstraat et al. 1992) .
The corrected fluorescence excitation spectra of phytoplankton were smoothed using a 5 nm running average, then normalized to 1 at 545 nm. Finally the averages of the two replicate samples, f (), were computed and used for the analysis.
n c
In vivo absorption. The in vivo absorption spectra of total particulate matter were measured on GF/F glass fiber filters (Yentsch 1962 , Kiefer and SooHoo 1982 , Kishino et al. 1985 ) using a Beckman DU-64 spectrophotometer. Absorption was measured immediately after the fluorescence measurement. The filters were placed in a special sample holder close to the photomultiplier to avoid loss of forward-scattered light (Mitchell and Kiefer 1984a) . The filters were wetted with filtered seawater before reading, and the blank was the same as that used for the fluorescence measurements. The optical density or absorbance (D) was recorded between 350 and 750 nm. The value measured at 750 nm was subtracted from the rest of the spectrum, assuming that this optical density was due to nonpigmented substances and that its effect was spectrally neutral (Sathyendranath et al. 1987, Bricaud and Stramski 1990) .
The values of absorption measured on filters were corrected for the pathlength amplification factor (Butler 1962, Kiefer and SooHoo 1982) , which is defined as the ratio of the optical pathlength of light in a diffusing material to the geometric thickness of the material. To correct for the pathlength amplification, the quadratic equation proposed by Hoepffner and Sathyendranath (1992) was used. This is very similar to the equation proposed by Mitchell (1990) and Cleveland and Weidemann (1993) . In the samples where prochlorophytes were present, the coefficients of the quadratic equation were adjusted to those specifically calculated for prochlorophytes by Moore et al. (1995) . That is, the portion of optical density corresponding to prochlorophytes was estimated from the ratio of divinyl-chl a to total chl a. This portion of the optical density was then corrected by the pathlength amplification factor using the coefficients given by Moore et al. (1995) ; the remaining portion of the optical density was corrected using the coefficients given by Hoepffner and Sathyendranath (1992) .
The absorption of particles on the filter, a pf (), was obtained as: a pf () ϭ 2.3D(), where 2.3 is the conversion factor for transforming decimal logarithms to natural logarithms.
Corrections were made for detrital absorption using the theoretical approach proposed by Hoepffner and Sathyendranath (1993) , which assumes an exponential shape for detrital absorption (Roesler et al. 1989, Bricaud and Stramski 1990) .
Finally, the absorption spectra of phytoplankton were normalized to 1 at 545 nm, and the average of the two replicate samples, a (), was computed and used in the analysis.
n ph Other measurements. During the Canarias cruise, on-deck irradiance (PAR: photosynthetically available radiance, 400-700 nm) was continuously monitored by a radiometer (LI-COR LI-190 4-collector). Irradiance profiles (PAR) for the Canarias cruise were then calculated from the average daylight irradiance using the model of Sathyendranath and Platt (1988) and the absorption spectra of phytoplankton measured during the cruise. During the Labrador cruise, light penetration underwater (PAR) was measured by a radiometer (LI-COR LI-192 4-collector) attached to the submersible pumping system. Relative profiles of irradiance (PAR) were computed for the two cruises, taking the value of irradiance at 0 m as 100%.
Nitrate concentration was measured using an Alpkem RFA autoanalyzer. Picoplankton composition was determined on-board by flow cytometer analysis following the method described in Li (1994) . Different groups of picoplankton (i.e. Prochlorococcus spp., Synechococcus spp., and picoeukaryotes) were identified by interactive analysis of multiple bivariate scatterplots as described by Olson et al. (1993) .
RESULTS

Variability in Absorption and Fluorescence Excitation Spectra
The variability in the shape of the spectra (normalized to 1 at 545 nm) was high, both for the in vivo absorption (Fig. 3a) and for the fluorescence excitation (Fig. 3b) , for all the samples pooled together (n ϭ 131). Considered on a percentage basis, the degree of variability is similar for absorption (standard deviation from the mean at 439 nm ϳ20%) and for the fluorescence (standard deviation from the mean at 439 nm ϳ27%).
Variability in the Ratio of Absorption to Fluorescence at 439 nm
The ratio of the normalized absorption (a ()) n ph to the normalized fluorescence excitation (f ()) at n c the blue peak (439 nm), denoted S(439), was calculated for all the samples. To assess the variability in S(439), the samples were grouped into five categories according to a rank in the ratio S(439) (see Fig. 4 ). The values of S(439) ranged from 1.0 (no difference between absorption and fluorescence) to 3.0 (absorption 3 times higher than fluorescence). Overall, more than 70% of the samples had large ratios of absorption to fluorescence, S(439) Ͼ 1.2 (i.e. absorption higher than fluorescence by 20% or more). Closer inspection showed that ϳ11% of the samples fell into group 1, characterized by a small S(439) (Ͻ1.1); another ϳ12% into group 2, with values of S(439) between 1.1 and 1.2; ϳ35% belonged to group 3, with values of S(439) between 1.2 and 1.5; ϳ24% to group 4, with S(439) values between 1.5 and 1.75; and finally ϳ18% remained in group 5, with values of S(439) Ͼ1.75 (Fig. 4) . This separation into ranks of S(439), though arbitrary, was aimed at pinpointing the variables that were significantly associated with variations in S(439). We investigated the distribution of environmental variables and pigment ratios in these five categories of samples. Results of the analysis of variance on the characteristic variables and a posteriori comparisons among groups are shown in Table 1 . Except for the ratio of photosynthetic pigments to chl a, the values of the variables did not follow a normal distribution. Therefore, except for the ratio of photosynthetic pigments to chl a, a Kruskal-Wallis oneway analysis of variance on ranks was performed. A posteriori pairwise multiple comparison among groups was carried out using Dunn's method for the nonnormally distributed variables and Student- (Table 1) , only 12 proved to have significantly different distributions between at least two groups; for the other four variables (the ratios of diadinoxanthin ϩ diatoxanthin, chl b, and peridinin to chl a, and the sum of phaeopigments), there were no significant differences among groups.
Neighboring pairs of groups were not significantly different from each other for any of the variables considered (except for groups 4 and 5 with respect to the ratios of the sum of photosynthetic pigments (PS), and chl c 3 to chl a, which even if significantly different, represented only a minor proportion of the total pigments). This is not unexpected due to the arbitrary way in which the groups were separated. But a comparison between distant groups showed some significant differences. Group 1, with the lowest values of S(439) (Ͻ1.1) is significantly different from the group with the largest values of S(439) (Ͼ1.75) for 8 out of 12 of the significant variables. Group 1 (S(439) Ͻ 1.1) belongs to high NO and high t environments with low concentra-Ϫ 3 tions of chl a, low values of total photoprotective pigments (PP) relative to chl a (ratios of zeaxanthin and ␣ ϩ ␤-carotene to chl a close to 0.0), and high ratios of PS to chl a (high ratios of fucoxanthin to chl a). Group 1 is also significantly different from group 4 [S(439) between 1.5 and 1.75] for six of the variables: NO concentration, chl a concentra-Ϫ 3 tion, and the ratios of PP, ␣ ϩ ␤-carotene, 19-butanoyloxyfucoxanthin, and 19-hexanoyloxyfucoxanthin to chl a. Group 2 [S(439) between 1.1 and 1.2] is significantly different from group 5 [S(439) Ͼ 1.75] in four of the variables; group 2 has low ratios of PP to chl a (low ratios of zeaxanthin and ␣ ϩ ␤-carotene to chl a ) and high ratios of PS to chl a. Groups 3 and 5 are also distinguished by significant differences in eight variables; that is samples from group 3 correspond to high-density ( t ) environments, with a small ratio of PP to chl a (low ratios of zeaxanthin and ␣ ϩ ␤-carotene to chl a), and high ratios of PS (high ratio of fucoxanthin to chl a), chl c 1 ϩ c 2, and chl c 3 to chl a.
Individual columns of Table 1 provide information on the relative contribution of each variable to the distinction between groups. Some variables were useful to distinguish groups only in one or two pairs. On the other hand, NO concentration, Ϫ 3 the ratios of PP, PS, zeaxanthin, and ␣ ϩ ␤-carotene to chl a were able to distinguish between groups in at least three cases. Based on this, we focused the analysis on the relationship between S(439) and these variables, which were selected for their ability to explain a large part of the variance in S(439). The other variables, which do not differ significantly among groups, might still explain a part of the variance in S(439) for small changes in S(439) (e.g. within a group), but this issue is not examined further in this paper.
Relationship Between S(439) and Selected Variables
Having singled out variables that are significantly different among the five S(439) groups, we proceeded to investigate the relationships between these selected variables and S(439). Linear regression analysis was performed. The association between variables was considered to be strong when, for ␣ ϭ 0.05, the power of the test fell between 0.8 and 1.0; below 0.8 the associations should be interpreted with caution. For the pooled data, the highest correlations between S(439) and the selected variables were found for the ratios of ␣ ϩ ␤-carotene (r 2 ϳ 0.51), PP (r 2 ϳ 0.34), and zeaxanthin (r 2 ϳ 0.27) to chl a (Fig. 5 ). There is a tendency for S(439) to increase with an increase in the ratio of PP to chl a and particularly with increase in the ratios of zeaxanthin and ␣ ϩ ␤-carotene to chl a. The relationship between S(439) and NO concentra- ficient to explain the variance in S(439) for the pooled data. Thus, it is difficult to draw general conclusions from the pooled data. If we narrow down to individual stations (choosing only those stations with four or more available data points) the relationship between S(439) and any of the selected variables shows a large range in the values of the coefficient of determination. For example, the relationship between S(439) and the ratio of PP to chl a at individual stations ranged between r 2 ϭ 0 and r 2 ϭ 0.95.
We chose two stations from very different environments (St. Canarias 5 and St. Labrador 9, Fig. 1 ) for a more detailed analysis of the relationship among S(439), pigment composition, phytoplankton composition (when available), and some environmental variables (NO concentration and irra-Ϫ 3 diance). Changes in the shape of the spectra and in the magnitude of S(439) are readily seen in the absorption and fluorescence excitation spectra (both normalized to 1 at 545 nm) from different depths for the two selected stations (Fig. 6 ). These two stations are discussed in detail below.
Station Canarias 5
Profiles of main variables. Station Canarias 5 was situated close to the Islas Canarias (Fig. 1 ). The t profile shows stratification, with an upper mixed layer separated by a pycnocline at ϳ20 m from an intermediate layer, which was in turn separated by a second pycnocline at ϳ40 m from a region of gradual increase in t with depth (Fig. 7a) . Nitrate concentrations were almost nil in the surface layer; there was a nitracline in the intermediate layer, after which NO concentrations gradually increased with Ϫ 3 depth (Fig. 7a) . The chl a maximum (ϳ2.0 g/L) was located at the bottom of the intermediate layer (ϳ40 m) immediately below the nitracline (ϳ30 m) (Fig. 7a) . All of the sampled depths were located above the 1% surface irradiance (irradiance I at depth z, I z ϭ 1.6%I 0 at 75 m) (Fig. 7a) . The profiles of the ratios of PS and PP to chl a were relatively featureless throughout the upper mixed layer, after which the ratio of PS to chl a increased and that of PP decreased with depth (Fig. 7b) . The S(439) profile had a maximum at ϳ20 m, after which it steadily decreased with depth (Fig. 7b) . Figure 7c depicts the profiles of the ratio of the main photosynthetic and photoprotective carotenoids to chl a. From these profiles, the predominance of zeaxanthin among the photoprotective carotenoids becomes evident, with the maximum ratio of zeaxanthin to chl a at ϳ20 m. Low values of the ratio of diadinoxanthin ϩ diatoxanthin to chl a had a maximum at the surface. Among the photosynthetic carotenoids, 19-hexanoyloxyfucoxanthin and fucoxanthin were predominant, and their ratios to chl a increased with depth. Finally, to represent the presence of prochlorophytes, the ratio divinyl-chl a to chl a is shown, indicating a minor contribution of divinyl-chl a to the total chl a between 20 and 75 m.
Relationship among variables. At Canarias 5, there was good correlation between S(439) and the ratio PP to chl a (r 2 ϳ 0.74) and between S (439) ratio of zeaxanthin to chl a (r 2 ϳ 0.84) ( Table 2 ). There were also correlations between the ratio of PP to chl a and irradiance at depth (I z ) (r 2 ϳ 0.63), and the ratio of zeaxanthin to chl a and I z (r 2 ϳ 0.50) ( Table 2 ). These correlations (except for that between S(439) and the ratio of zeaxanthin to chl a) should be interpreted with caution because the powers of these tests are below the desired level (Ͻ0.80, see Table 2 ). On the other hand, the highest correlations were found between the ratio of zeaxanthin to chl a and the percentage of cyanophytes in the sample (r 2 ϳ 0.92) and between S(439) and the percentage of cyanophytes in the sample (r 2 ϳ 0.87), and both of these relationships show a strong association between the variables (power of the test Ͼ0.80) ( Table 2 ). There was also a positive correlation between S(439) and the ratio of ␣ ϩ ␤-carotene to chl a (r 2 ϳ 0.61), although it was not very strong (power of the test ϳ0.56). There were also low degrees (r 2 Ͻ 0.42) of negative correlation between S(439) and the proportion of photosynthetic carotenoids (i.e. their sum PS or individual pigments, such as fucoxanthin or 19-hexanoyloxyfucoxanthin, relative to chl a), which were also not strong (power of the test Ͻ0.80). Finally, there was a close (r 2 ϳ 0.89) negative correlation between S(439) and the concentration of NO , which was Ϫ 3 strong (power of the test ϳ 0.94).
Station Labrador 9
Profile of main variables. This station, located in the middle of the Labrador Sea (Fig. 1) , showed a subsurface pycnocline at ϳ10 m (mainly associated with changes in salinity, data not shown), after which the density profile was uniform. Nitrate concentrations were relatively high throughout the water column, though a marked nitracline at ϳ30 m separated the upper mixed layer from a zone of high NO con-Ϫ 3 centrations at depth. The chl a concentration was uniform (ϳ1.0 g/L) up to ϳ20 m, after which it decreased with depth. The bottom of the euphotic zone (I z ϭ 1%I 0 ) was located at ϳ50 m (Fig. 7d) . The profile of the ratio PS to chl a was relatively uniform with depth, while that of PP to chl a and S(439) showed the highest values in the upper layer, up to ϳ20 m (Fig. 7e) . The main photosynthetic carotenoids were 19-hexanoyloxyfucoxanthin in the upper layer (up to ϳ20 m) and fucoxanthin at depth (increasing below 20 m). Zeaxanthin was a minor component and the ratio of diadinoxanthin ϩ diatoxanthin to chl a showed a relatively uniform profile with two small maxima at ϳ20 m and ϳ75 m (Fig. 7f) ; divinyl-chl a was nondetectable.
Relationship among variables. This station showed a strong positive correlation between S(439) and the ratio of PP to chl a (r 2 Ͻ 0.84, power of the test ϭ 0.88), and specifically between S(439) and the ratio of diadinoxanthin ϩ diatoxanthin to chl a (Table  3) . However, the correlations between the ratio of PP to chl a and I z and diadinoxanthin ϩ diatoxanthin to chl a and I z were low and not strong (see Table 3 ). On the other hand, the correlations between S(439) and the main photosynthetic carotenoids (ratios of fucoxanthin and 19-hexanoyloxyfucoxanthin to chl a) were high and strong (Table 3) . Contrary to expectations, however, the relationship between S(439) and 19-hexanoyloxyfucoxanthin to chl a was positive, which lead to a low correlation between S(439) and the ratio of the total PS to chl a (Table 3 ). The correlation between S(439) and NO concentration is again high, strong, and neg-Ϫ 3 ative (r 2 Ͻ 0.91, power of the test ϭ 0.96) in this station.
DISCUSSION
Normalization of the fluorescence and absorption spectra. The first issue to solve before comparing the shape of the in vivo absorption and fluorescence excitation spectra of phytoplankton is how to normalize the spectra. According to the theory of energy transfer, the shape of the normalized fluorescence excitation spectrum should be at the most equal (i.e. assuming that the action of PSII exactly represents the total action spectrum and that there are no photoprotective pigments or other nonphotochemical processes of quenching of energy working in the cell) or lower (i.e. if any of the previous assumption is not valid) than the absorption spectrum.
Elsewhere, absorption and fluorescence excitation spectra of phytoplankton have been used to calculate ratios of absorption, and of fluorescence, at pairs of wavelengths (Neori et al. 1984 , SooHoo et al. 1986 , Mitchell and Kiefer 1988b . However, most of these early works did not make the detritus correction to obtain ''clean'' phytoplankton absorption. Despite this, conspicuous features in these reports were the larger changes in the [green:blue] ratio for the fluorescence excitation spectra than for the absorption spectra. These were attributed to a higher efficiency of energy transfer to chl a at the wavelength of absorption corresponding to the main light-harvesting pigments. Therefore, if both (absorption and fluorescence) spectra were normalized to 1 at a peak of chl a absorption, the fluorescence spectrum would overshoot that of absorption in the green region. Indeed, such an effect has been shown by Johnsen and Sakshaug (1993) working with corrected spectra of a dinoflagellate normalized to 1 at 676 nm. These authors also attributed this disparity between absorption and fluorescence to a differential efficiency in the transfer of energy by the different pigments at different wavelengths. They concluded, based on existing literature that the transfer of energy to PSII chl a at 676 nm should have been ϳ85% of the absorption. Johnsen and Sakshaug (1993) also mentioned that a part of the difference between the absorption and fluorescence spectra could be caused by an imbalance in the energy distribution between the two photosystems.
If we compare the fluorescence excitation spectra of rhodophytes, cryptophytes, or cyanophytes reported in the literature (Neori et al. 1986 , Johnsen and Sakshaug 1996 with their corresponding absorption spectra, both normalized to 1 at a maximum of chl a absorption, it is obvious that a serious overshooting of the fluorescence over the absorption spectra would be apparent in the region of absorption of phycobilins. This is because chl a associated with PSI is ''invisible'' to the fluorescence excitation spectrum. Recently, Johnsen and Sakshaug (1996) , reviewing the question of scaling, have reinforced the criteria of normalizing the fluorescence spectra to the red peak of absorption according to the percentage of chl a in PSII. This procedure would be useful for work with cultures, provided the distribution of chl a between photosystems is known, but the problem would still remain for field samples of mixed (and sometimes unknown) species composition. These authors have also pointed out that normalizing the absorption and fluorescence spectra to the region of absorption by fucoxanthin (520-535 nm) would avoid the overshooting of fluorescence over absorption.
In this paper, we decided to normalize both fluorescence excitation and absorption spectra to 1 at 545 nm to ensure that no overshooting of fluorescence over absorption would occur and to be able to compare the two types of spectra quantitatively at the blue peak using the ratio S(439). This wavelength (545 nm) corresponds to one of the peaks of absorption of phycoerythrin, which was an important light-harvesting pigment in our samples (according to emission fluorescence spectra, data not shown). In addition, absorption spectra of pigmentprotein complexes show that absorption at 545 nm is dominated by complexes containing photosynthetic carotenoids (Anderson et al. 1981 , Bidigare et al. 1990 , Nelson and Prézelin 1990 , Johnsen et al. 1994 . This normalization carries the implicit assumption that all the light absorbed at 545 is harvested by photosynthetic pigments and that they transfer the energy captured with 100% efficiency exclusively to chl a from PSII. If part of the light absorbed at 545 nm is not transferred to chl a of PSII, this normalization will underestimate the ratio between absorption and fluorescence. It is recognized, however, that the use of a single wavelength for the normalization (545 nm), which for some spectra may correspond to a low value of absorption, plus the errors associated with the corrections of both absorption and fluorescence spectra might introduce errors in the estimation of S(439). Nevertheless, after testing different normalizations, this one emerged as the most appropriate for our data, especially because of the presence of phycoerythrin in many of the samples. More laboratory research using species with different arrangements of the photosynthetic apparatus and pigment composition may help to test further the efficacy of different normalization procedures.
General variability in S(439). The first observation emerging from this study is that there is a large variability in the values of S(439) (Fig. 4) , which was due as much to variations in the in vivo absorption spectra as to variations in the fluorescence excitation spectra (Fig. 3) . This has implications in the use of fluorescence for the estimation of photosynthesis; that is the caveats on the use of a fixed shape for the absorption spectrum of phytoplankton in the spectral computations of primary production would also apply to the use of a fixed shape for the fluorescence excitation spectrum.
According to the analysis of variance, the group corresponding to the lower values of S(439) is characterized by conditions mostly encountered at depth in the ocean (i.e. high t , low chl a concentrations, low values of photoprotective pigments (PP) relative to chl a, high values of photosynthetic pigments (PS) relative to chl a, high NO concentrations), Ϫ 3 compared with the conditions characterizing the group of samples with the highest values of S(439). Thus, there is a general agreement with the basic concept of photoacclimation (e.g. Falkowski et al. 1994) . On the other hand, the attempts made to classify groups by depth or by geographic region did not yield statistically significant differences. Nevertheless, some general trends were evident: the highest values of S(439) were found close to the west coast of Africa (Islas Canarias) and the lowest values of S(439) were found close to the east coast of North America (Grand Banks of Newfoundland) and in the middle of the Labrador Sea. These results contrast somewhat with the distribution of fluorescence efficiency across the North Atlantic reported by Olaizola et al. (1996) for the same cruise (Canarias 1993), although differences in the method of measuring fluorescence and in the normalization of the data do not allow a direct comparison.
Relationship between photoprotective pigments and S(439). The function of photoprotective pigments in plants and algae has been well studied (Prézelin 1981 , Dubinsky et al. 1986 , Siefermann-Harms 1987 , Demmig-Adams 1990 , Demers et al. 1991 , Bidigare et al. 1993 , Olaizola and Yamamoto 1994 . The absorption of light by these pigments has been proposed to be the main cause of difference between the absorption and fluorescence excitation spectra (e.g. Culver et al. 1994 , Sosik and Mitchell 1995 , Lazzara et al. 1996 and for low quantum yields of photosynthesis (e.g. Babin et al. 1995 Babin et al. , 1996 . In this study, for all the samples pooled together, the proportion of photoprotective pigments (PP:chl a ratio) could explain only ϳ34% of the variance in S(439) (Fig. 5) . This indicates that differences between fluorescence emission and absorption is probably determined by more than one factor. On the other hand, pigments tend to covary with each other, and a certain degree of covariance can be expected among environmental variables (e.g. nutrient concentrations, irradiance, t , etc.) as well. Therefore, as a first approach, we analyzed individual relationships between S(439) and the variables considered, rather than attempting multiple regressions.
Of all the pigments, those able to explain a large part of the variance in S(439) were: zeaxanthin, whose function as a photoprotective pigment has been widely reported (e.g. Kana et al. 1988 , Moore et al. 1995 Uhrmacher et al. 1995) and ␣ ϩ ␤-carotene (note that ␣-carotene was only present in a few samples where prochlorophytes were present), whose photoprotective function in the core of the RCs (e.g. Prézelin 1981, Larkum and Barret 1983) and in intrathylakoid globules (Ben-Amotz et al. 1982 , Sánchez-Saavedra et al. 1996 has been repeatedly mentioned (Table 1, Fig. 5) .
Relationship between some selected variables and S(439). The decrease in S(439) associated with the increase in the proportion of photosynthetic pigments (ratio of PS to chl a), can be expected to be concomitant with a decrease in the ratio of PP to chl a with a decrease in light. A relationship between variations in fluorescence emission and nitrate concentration has been noticed in physiologic studies on cultures (Geider et al. 1993 , Kolber et al. 1988 , Sosik and Mitchell 1991 , where it was shown that nutrient stress can produce changes in the PSUs, and consequently in the transfer of energy, similar to those induced by photoacclimation to high light levels. Furthermore, some authors have related variations in the fluorescence excitation spectra Mitchell 1995, Lazzara et al. 1996) or fluorescence efficiency (Babin et al. 1996 to the nitrate environment (distance to the nitracline, or NO concentra-Ϫ 3 tion) in the ocean.
Possible causes of variations in S(439) in two particular environments. The linear relationship between S(439) and each of the main variables for individual stations showed a wide range in the values of the coefficients of determination (e.g. r 2 from 0 to 0.95 for PP to chl a vs. S(439)). This again implies that differences between fluorescence and absorption spectra cannot be explained by a single factor (e.g. ratio of PP to chl a). Rather, they seem to be related, directly or indirectly, to different variables, which can be broadly attributed to variations in species composition and the physiologic state of the cells. Nevertheless, we cannot rule out that a part of the reason for the low correlation between S(439) and the selected variables at certain stations might be due to errors associated with the correction of the spectra and the normalization procedure. In particular, in some cases some clear relationships can be drawn between S(439) and certain variables.
We selected two oceanic stations for detailed analyses where characteristic relationships between fluorescence and selected variables were very apparent. The most striking feature in the results was the high degree of covariance between S(439) and the PP:chl a ratio, and more specifically the zeaxanthin:chl a ratio at the Canarias 5 station, which may be a perfect example of the effect of nonphotochemical quenching of energy by photoprotective pigments. On the other hand, the proportion of cyanophytes in the phytoplankton assemblage, which is related to the presence of zeaxanthin in this station, had an even higher degree of covariance with S(439). Hence, this station also represents an example of the imbalance in chl a content between photosystems in cyanophytes. This effect has been noticed already in the ocean (Lewis et al. 1988) . Besides, at St. Canarias 5, the variations in irradiance explain only half of the variance in the ratio of zeaxanthin to chl a, and with a low level of strength, whereas the proportion of cyanophytes in the sample explains Ͼ90% of the variance in the ratio of zeaxanthin to chl a (Table 2) . Therefore, the ratio zeaxanthin to chl a might be more an indication of the number of cyanophytes than of a change in the photoacclimation of the cells. Thus, the effect of differences in energy distribution between photosystems, represented here by the presence of a group with an extreme case of imbalance, can be at least as important as the effect of photoprotective pigments in producing differences between absorption and fluorescence at the blue peak.
At the Labrador 9 station, although direct information on species composition is not available yet, the pigment composition indicated the presence of mainly diatoms (chl c 1 ϩ c 2 , fucoxanthin) and prymnesiophytes (chl c 3 , 19-hexanoyloxyfucoxanthin, 19-butanoyloxyfucoxanthin). There was a high degree of covariance between S(439) and the ratio PP to chl a at this station, but the most interesting feature was the positive covariance between S(439) and 19-hexanoyloxyfucoxanthin to chl a, which was also evident at other stations (data not shown). This is contrary to what might be expected, since 19-hexanoyloxyfucoxanthin is a light-harvesting pigment. Therefore, there should be no reason for its presence to be associated with a decrease in fluorescence. A plausible explanation would be that the cells containing 19-hexanoyloxyfucoxanthin, at least under these environmental conditions, had also a particular arrangement of their PSUs causing a difference in the transfer of energy.
The knowledge on the structure of the photosynthetic apparatus and on the energy distribution inside it comes mainly from studies in terrestrial plants, photosynthetic bacteria, and to a lesser extent, algae. According to the available information, the regulation of the transfer of energy inside the photosynthetic membranes is a very dynamic process, and different groups of organisms have evolved to handle it in different ways. Hence, even if there are some species in which most of the chl a is associated with PSII, there is no reason to believe that this should be the general case. In addition, energy distribution might also be subject to state transitions.
Concluding remarks. In this study, we found that differences between absorption and fluorescence in natural samples of phytoplankton in the North Atlantic were highly variable and that this variability could not be explained solely by the presence of photoprotective pigments. Furthermore, we found evidence that differences in energy distribution between PSI and PSII can be an important contributing factor to differences between absorption and fluorescence spectra in the ocean.
Finally, our results support the idea that the correct use of fluorescence measurements (fluorescence excitation spectra or pump-and-probe, pulse amplitude modulation, etc.) for the estimation of primary production should take into account all the possible causes of fluctuations in fluorescence (e.g. Kiefer and Reynolds 1992 , Govindjee 1995 , Cunningham 1996 . Fluorescence techniques provide a powerful tool for the study of photophysiology of phytoplankton, and it will improve our understanding of the physiology of photosynthesis in the ocean. The natural environment is a complex system, and interpretation of observations from different oceanic regions is not straightforward. There is certainly a need for more laboratory experiments under controlled conditions to investigate further the process of energy transfer in the photosystems in different species of phytoplankton.
